The formation of hydroxyl and alkoxyl radicals in the reaction of halogenated quinones and organic hydroperoxides can be used to elucidate the potential carcinogenicity of polyhalogenated aromatic environmental pollutants. To further enrich the understanding of the reactivity of the halogenated quinones with organic hydroperoxides, in this study, the reaction mechanism of tetrachloro-obenzoquinone (o-TCBQ) with H 2 O 2 has been systematically investigated at the B3LYP/6-311++G** level.
Introduction
As a class of toxic intermediates, halogenated quinones can initiate many harmful effects in vivo, such as acute hepatotoxicity, nephrotoxicity, and carcinogenesis.
1,2 Some of them, such as tetrachloro-p-benzoquinone (p-TCBQ), tetrachloro-o-benzoquinone (o-TCBQ), and 2,5-dichloro-1,4-benzoquinone (DCBQ), are the major genotoxic and carcinogenic quinoid metabolites of widely used chlorinated phenol pesticides, like pentachlorophenol (PCP), where PCP has been classied as a group 2B environmental carcinogen by the International Agency for Research on Cancer (IARC) and a group B2 carcinogen by the Environmental Protection Agency (EPA). In addition, halogenated quinones can also be produced during the oxidation or destruction of halophenols and other polyhalogenated persistent organic pollutants (POPs).
3-5
Moreover, some halobenzoquinones have been identied as an emerging class of disinfection byproducts in drinking water.
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Recently, more and more studies have shown that the chlorinated benzoquinones, such as p-TCBQ and DCBQ, can react with the organic hydroperoxides to produce the hydroxyl radical, organic alkoxyl radicals, and quinone ketoxy radicals under mild conditions experimentally. [9] [10] [11] [12] [13] These produced active radicals can be used to partially elucidate the potential carcinogenicity of polyhalogenated aromatic environmental pollutants since they can cause the oxidative damage to the DNA, protein, and lipids.
14 As for p-TCBQ, its interaction and reaction with organic hydroperoxides have been systematically investigated theoretically. 15, 16 It was found that explicit water molecules can interact with p-TCBQ through weak intermolecular H-bonds and play an important role in the formation of those radicals. As the isomer of p-TCBQ and another quinoid metabolites of PCP, however, o-TCBQ has been paid less attentions although o-TCBQ has been involved in the toxicity of the bleached kra chlorination effluent many years ago. [17] [18] [19] [20] [21] [22] Do o-TCBQ and its derivatives have similar chemical reactivity to p-TCBQ to produce the hydroxyl and alkoxyl radicals? Can the anion of H 2 O 2 react with the o-TCBQ since the acid-base dissociation equilibrium of H 2 O 2 exits and the anion behaves as a good nucleophile. Unfortunately, these questions remain unclear to the best of our knowledge. A theoretical investigation on the title reaction appears to be highly desirable in the lack of the relevant experimental studies. Therefore, in this study, the reaction mechanism of o-TCBQ with H 2 O 2 has been systematically investigated employing the density functional theory (DFT) to address those above questions. Moreover, the substitution effects on the title reaction have also been explored. Expectedly, the present results not only can provide helpful information to better understand the potential carcinogenicity of polyhalogenated aromatic environmental pollutants, but also can enrich the knowledge of the reactivity of halogenated quinones with the organic hydroperoxides.
Computational methods
All the species in the whole reactions have been fully optimized using the density functional theory at the B3LYP/6-311++G** level, where the reliability and efficiency of the method in predicting the geometries and properties has been veried by a number of systems including the halogenated quinones and the homolytical cleavage of the O-O bond. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Subsequently, vibrational frequency analysis has been performed at the same level to identify the nature of the optimized structures. In addition, intrinsic reaction coordinate (IRC) 40, 41 calculations were performed to further verify that the calculated transition states indeed connected the reactants and products.
To investigate the bulk solvent effects on the nucleophilic attack of H 2 O 2 to o-TCBQ, the polarizable continuum model (PCM) 42, 43 was employed in aqueous solution within the framework of self-consistent reaction led (SCRF) theory. To explore the positive role of water molecule in the reaction, different numbers of explicit waters ranging from one to three have been introduced to assist the proton transfer process.
To clarify the formation and the nature of the intermolecular H-bonds formed in the reaction process, atoms in molecules (AIM) theory was employed on the basis of the optimized structures. In the AIM analyses, 44 the intermolecular interaction between atoms was indicated by the presence of the bond critical point (BCP). From the magnitude of the electron density (r bcp ) at the BCP, one can estimate the strength of the interactions. Similarly, the ring structures were characterized by the location of a ring critical point (RCP). Moreover, the nature of the H-bond interaction can be predicted from the topological parameters at the BCP. For example, the positive values of the Laplacian of electron density (V 2 r bcp ) and energy density (H bcp )
suggest that the interaction should be predominated by the electrostatic interaction. However, the positive V 2 r bcp and negative H bcp suggest that the interaction is partly covalent in nature.
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All the calculations have been carried out using Gaussian 09 program. states (TS), and intermediates (IM) have been given in Fig. S1 of the ESI † for reference. As given in these high energy barriers suggest that the direct nucleophilic processes are difficult to proceed under mild conditions. Subsequently, the bulk solvent effects on the above nucleophilic attack processes have been considered in aqueous solution employing the PCM model since the reaction takes place in solution generally. As a result, it was found that all the energy barriers have been decreased by about 0.03-3.74 kcal mol À1 except for the attack mode 2, where there is an increment of 2.53 kcal mol À1 for the attack mode 2. However, as given in Table 1 , the energy barriers are still too high to overcome for the reaction overall. Motivated by the reaction of p-TCBQ with the assistance of the explicit water molecules, 15 the different numbers of water molecules ranging from one to three have been introduced to promote the reaction in the following discussions.
For simplicity, the symbols MC(nw), IM(nw), TSx(nw), and Pro(nw) have been employed to stand for the optimized molecular complexes, intermediates, transition states, and products, where x and nw refer to the sequence of the formed species and the numbers of the water molecules involved, respectively. For example, TS1(1w)/TS2(2w) refer to the rst/ second transition states in the reaction pathways involving one/two water molecules. In view of the fact that attack mode 2 0 has the lowest energy barrier, so the following nucleophilic attack modes in the presence of explicit water molecules are constructed on the basis of the mode 2 0 , where four reaction pathways involving zero, one, two, and three water molecules have been named as pathways A, B, C, and D, respectively. 3.1.1 The formation of the molecular complexes. As the rst step of the whole reaction, the molecular complexes have been located before the proceeding of the nucleophilic attack process, which have been further conrmed by the IRC analyses of the corresponding transition states in the nucleophilic attack process. All the optimized geometries and their molecular graphs have been displayed in Fig. 2 and S2 of the ESI, † respectively.
For the formed molecular complex MC(0w) in the absence of water molecules, the both O atoms of H 2 O 2 molecule interact with the two C atoms of o-TCBQ, which can be conrmed by the presence of the BCP of the C/O bond as shown in Fig. S2 of the ESI. † From the large contact distances between H 2 O 2 and o-TCBQ, one can say that the interaction between two species should be weak. Actually, as given in Table 2 , MC(0w) has been stabilized by about 3.65 kcal mol À1 relative to that of the reactants.
As for the other MCs in the presence of water molecules, as displayed in Fig. S2 of the ESI, † all of them are characterized by the intermolecular H-bonds from the locations of the BCPs between the selected O and H atoms. As a general rule, the introduced water molecules interact with the H 2 O 2 and o-TCBQ via the intermolecular H-bonds. Moreover, H 2 O 2 acts as a proton donor in the formed hydrated complexes except for in MC(3w). Here, H 2 O 2 acts as proton donor and acceptor simultaneously in MC(3w). Moreover, the strengths of the H-bonds involving H 2 O 2 as the proton donor are stronger than those of the H-bonds involving H 2 O 2 as the proton acceptor, suggesting that H 2 O 2 is a good proton donor. This point can be reected from the shorter H-bond distances and larger electron density at the BCPs of the corresponding H-bonds involving H 2 O 2 as the proton donor. Actually, this phenomenon has also been observed in the interaction of H 2 O 2 with p-TCBQ.
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Compared with the intermolecular H-bonds formed between H 2 O and o-TCBQ, the shorter H-bond distances between H 2 O and H 2 O 2 suggest that the adjacent water molecules tend to interact with H 2 O 2 rather than o-TCBQ in realistic system, which is more obvious in MC(3w). Actually, as given in Table S1 of the ESI, † topological analyses suggest that the intermolecular H-bonds between H 2 O and H 2 O 2 as well as the H-bonds between water molecules possess partly covalent character. As for the intermolecular H-bonds between H 2 O and o-TCBQ, they should be predominated by the electrostatic interactions.
As presented in Table 2 , the molecular complexes involving water molecules have been stabilized by about 13.10, 22.14, and 25.24 kcal mol À1 in MC(1w), MC(2w), and MC(3w), which are much larger than that of MC(0w). At the same time, all the formation processes of these MCs are exothermic from the negative enthalpy changes ranging from À3.21 to À26.81 kcal mol À1 . Moreover, the released heat increases with the increasing of the numbers of the water molecules, which is necessary for the following nucleophilic attack process probably. 3.1.2 Nucleophilic attack process. All the transition states involving water molecules in the nucleophilic attack process have been displayed in Fig. 2 , where all of them have been conrmed by the IRC calculations. For the direct nucleophilic attack of H 2 O 2 to o-TCBQ, one of the O atoms of H 2 O 2 directly attacks the C atom of o-TCBQ. Simultaneously, both the H atom attached to the attacking O atom of H 2 O 2 and the Cl atom attached to the being attacked C atom of o-TCBQ begin to dissociate, leading to the formation of HCl species. As a result, the product of the nucleophilic attack process, i.e., intermediate IM(0w) containing the O-O bond, have been formed. Obviously, the above process includes the proton transfer from the H atom of H 2 O 2 to the Cl atom of o-TCBQ.
As for the nucleophilic attack processes in the presence of water molecules, the water molecules directly or indirectly participate in the proton transfer process. For example, the water molecule accepts the proton of H 2 O 2 and gives its own proton to the Cl atom of o-TCBQ simultaneously in the assistance of one water molecule. Similarly, the same is also true if a second water molecule is introduced, where the second water molecule accepts the proton of the rst water molecule and gives its proton to the Cl atom of o-TCBQ. Therefore, the introduced water molecules above play the bridge role in the proton transfer process. However, if a third water molecule is introduced, the proton transfer occurs from H 2 O 2 to its nearest water molecule in TS1(3w), resulting in the formation of the hydronium ion. Further IRC calculations suggest that the other two water molecules do not directly participate in the proton transfer process although they play an important role in decreasing the energy barrier as mentioned below. As mentioned above, the Cl atom will be dissociated from the C atom of o-TCBQ in the nucleophilic attack process. So, the degree of the dissociation of Cl atom in the transition state is an important index to inuence the magnitude of the energy barrier, where the degree of the dissociation of Cl atom can be reected from the distance of the dissociated Cl atom and its linked C atom (R C/Cl ). Namely, the larger R C/Cl implies the larger energy barrier required to overcome. Analyses of the different transition states suggest that the R C/Cl decreases upon introduction of water molecules and decreases with the increasing of the numbers of water molecules. For example, the R C/Cl is 2.179, 2.056, 1.882, and 1.845Å in TS1(0w), TS1(1w), TS1(2w), and TS1(3w), respectively. Thus, one can predict that the corresponding energy barrier should decrease with the increasing of the numbers of water molecules, which is consistent with the calculated energy barrier below.
As shown in Table 2 , the original energy barrier in the nucleophilic attack processes has been decreased signicantly with the assistance of water molecules, where all the energy barriers are relative to the separated reactants. For example, the energy barrier has been decreased by 16 .61 to 27.69 kcal mol À1 upon introduction of one water molecule. Moreover, the energy barrier has been further reduced to 15.01 and 5.76 kcal mol À1 in the presence of two and three water molecules, respectively. Note that these energy barriers can be comparable to those of the reaction of p-TCBQ with H 2 O 2 in the assistance of water molecules. 15 Therefore, similar to p-TCBQ, the nucleophilic attack of H 2 O 2 to o-TCBQ can take place in the assistance of explicit water molecules, exhibiting the important positive role of water molecules.
3.1.3 Production of the hydroxyl radical. As shown in Fig. 2 , the intermediate IM(nw) containing O-O bond can be formed aer the nucleophilic attack process. Obviously, the fragments containing O-O bond interact with the other fragments via intermolecular H-bonds, which can be reected from the presence of the BCP between the proton donor and acceptor as shown in Fig. S2 of the ESI. † Moreover, the strength of the Hbond increases with the increasing of the numbers of water molecules. This point can be reected from the decreasing Hbond distance and the increasing electron density at the BCP of the H-bond. For example, the intermolecular H-bond distances are 2.084, 2.057, 2.013, and 1.966Å in IM(0w), IM(1w), IM(2w), and IM(3w), respectively. Further topological analyses for these H-bonds suggest that they are predominated by the electrostatic interactions from the positive V 2 r bcp and
H bcp values at the BCPs of these H-bonds. In addition, from the larger bond distance and smaller electronic density at the BCP of the O-O bond, one can say that the O-O bond in these IM(nw) has been weakened compared with the H 2 O 2 , implying that the homolytical decomposition of these O-O bonds can take place to produce the hydroxyl radical.
To further evaluate the strength of the O-O bond in different IM(nw) species, its vertical and adiabatic bond dissociation enthalpies (BDEs) have been calculated as well as those of the H 2 O 2 for comparison. Here, the adiabatic BDE is calculated as the enthalpy difference between the optimized two free radicals dissociated and the IM(nw) species. Similarly, the vertical BDE is calculated as the energy difference between two free radicals without considering structural relaxation and the IM(nw) species. As presented in Table 3 , it was found that the vertical BDE of O-O bond in IM(nw) species has been decreased signicantly by about 30 kcal mol À1 relative to that of H 2 O 2 .
Further consideration of the structural relaxation, the homolytical decomposition of O-O bond is a thermal neutral process, which can be conrmed by the calculated small adiabatic BDEs. Moreover, all the transition states associated with the dissociation of the O-O bond have been shown in Fig. 2 . As presented in Table 2 , the calculated energy barrier is 23.38 kcal mol À1 in the absence of the water molecules relative to IM(0w).
Moreover, the energy barrier has been further reduced to 23.08, 21.64, and 21.50 kcal mol À1 in the presences of one, two, and three water molecules, respectively. Actually, these energy barriers become small if the heat of reaction released from the formation of the MC is considered. For example, the energy barrier is 1.81 kcal mol À1 relative to the separated reactants in the presence of two water molecules. Therefore, it is possible for these IM(nw) species to decompose homolytically to produce the hydroxyl radical.
As displayed in Fig. 3 , the whole reaction proles for the formation of the hydroxyl radical have been summarized. Obviously, the nucleophilic attack process should be the ratedetermining step due to its high energy barrier relative to that of the formation process of the hydroxyl radical. Overall, the whole reaction processes to produce the free radicals are exothermic from the negative values of the enthalpy changes as presented in Table 2 .
3.1.4 Substitution effects. To further explore the reactivity of o-TCBQ and its derivatives with organic hydroperoxides to produce the hydroxyl or alkoxyl radicals, the substitution effects of the Br-substituted o-TCBQ and CH 3 -substituted H 2 O 2 on the title reaction have been studied. Here, as displayed in Fig. 4 , only the nucleophilic attack process with the assistance of three water molecules has been investigated since it is the 
Conclusions
In this study, the reaction mechanism between o-TCBQ and H 2 O 2 has been systematically investigated at the B3LYP/6-311++G** level. It was found that o-TCBQ can react with H 2 O 2 and its alkyl derivatives through two reaction approaches. One is the reaction of o-TCBQ with neutral H 2 O 2 with the assistance of the explicit water molecules. The other one is the reaction of o-TCBQ with the anionic form of H 2 O 2 . In both reaction approaches, a molecular complex has been formed rstly followed by the nucleophilic attack process, resulting in the formation of an unstable intermediate containing O-O bond. Aer that, the homolytical decomposition of the O-O bond can lead to the formation of the hydroxyl or alkoxyl radicals. Moreover, the nucleophilic attack process is the ratedetermining step in the whole reaction. Probably, those formed active radicals can be used to partially elucidate the potential carcinogenicity of polyhalogenated aromatic environmental pollutants. Hopefully, the present results can further enrich the knowledge of the reactivity of the halogenated quinones in the presence of organic hydroperoxides. . The selected interatomic distances are given inÅ. Fig. 3 The reaction profiles for the reaction between o-TCBQ and H 2 O 2 . The symbols R and P refer to the separated reactants and products including Pro and hydroxyl radical, respectively.
